A drying apparatus combining microwave energy and hot air was developed to dry materials isothermally and its applicability for hygroscopic porous materials has been demonstrated. With on-line sample mass measurements, the apparatus is suitable for determining drying kinetics and investigating the mechanism(s) that limit the drying process for a variety of food materials. Drying curves have been obtained from bread samples using the isothermal drying apparatus. These drying curves were analyzed to compare effective diffusivities calculated from convective hot air conditions (2.35-4.21 Â 10 À9 m 2 =s) to effective diffusivities calculated from isothermal conditions (7.6-18.3 Â 10 À9 m 2 =s), and a significant difference was shown. However, Fick's diffusion equation was shown only to predict drying time and not drying rate. The results of this research showed that proper parameter evaluation did not solve the problem of accurately predicting moisture transfer. Therefore a new model needed to be developed to predict moisture transfer. We hypothesized that during isothermal drying of hygroscopic porous material evaporation is the governing moisture loss mechanism, and Fick's second law was unable to predict moisture loss when this mechanism occurs.
INTRODUCTION
Drying of food materials has been widely accepted as an internally controlled process, [1, 2] where Fick's second law of diffusion has been used to predict moisture loss during drying: [3] [4] [5] qM qt ¼ HðD eff HM Þ ð 1Þ
To use Eq. (1) for modeling drying, the effective moisture diffusivity (D eff ) has to be determined from experimental drying curves. The effective moisture diffusivity has been known to be either independent of or a function of moisture content. [3] The key assumption in determining the effective moisture diffusivity from the experimentally acquired drying curves is that drying is mass transfer limited and the temperature remains isothermally throughout the whole sample during the entire course of drying. Achieving isothermal drying condition may have been possible in high moisture nonporous materials. [6] [7] [8] For porous materials, the appearance of significant temperature gradients in the samples has been shown. [9, 10] Roberts et al. [11] showed that it is very unlikely that the isothermal assumption would be satisfied in a hygroscopic porous material such as bread during convective drying. Apparently, there is a need to develop an isothermal drying apparatus for porous as well as non-porous materials. Without such an apparatus, the effective diffusivity may never be determined accurately.
Microwave heating is known for its fast heating rate, which is quite useful in drying studies for bringing the sample temperature from an initial temperature to a target temperature as quickly as possible. The heating rate can be as high as [10] [11] [12] [13] [14] [15] C=min for a piece of bread heated in a microwave oven. [12] The microwave penetration depth increases with increasing sample porosity. Due to the large penetration depth relative to the sample size that would be required for conducting drying kinetics experiments, microwave energy may be utilized in a drying apparatus to provide a solution to achieve isothermal conditions necessary to determine effective moisture diffusivity of hygroscopic porous materials.
However, there are some obstacles that need to be overcome. Uneven temperature development due to an uneven electric field distribution is one of the major problems associated with microwave heating. There is no warrenty of homogeneous heating even when a small piece of hygroscopic material is heated in a regular household oven. Without a control mechanism, the temperature of a sample during microwave heating can not be regulated. Goedeken [13] designed a microwave oven with a cavity measuring 0.9 m Â 0.9 m Â 0.9 m and two mode stirrers. The author further demonstrated that homogeneous and reproducible heating could be achieved in the oven by heating a variety of food materials. Tong et al. [14] developed a microwave oven with a feedback temperature loop using a optical fiber temperature sensing device interfaced to a PC to control the temperature of bread samples. The temperature was regulated within AE0.5 C of the desired temperature by adjusting the microwave power. Fu [15] applied the microwave temperature controller to measured flavor migration kinetics in a pre-gelatinized porous dough system at different temperatures. Nevertheless, the author's data indicated that the surface temperature was usually lower than the center temperature when controlling the temperature of a hygroscopic porous materials using the microwave temperature controller due to evaporative cooling effects.
The objectives of this research were: (1) to develop a drying apparatus that combines microwave energy as well as convective hot air; (2) to demonstrate the applicability of this apparatus on hygroscopic porous materials by measuring the temperature distributions in bread during drying at different temperatures; (3) to develop a mechanism for inserting the optical fiber temperature probe without interfering on-line mass measurements; (4) to obtain drying kinetics from the isothermal apparatus; (5) determine the effective moisture diffusivities at different temperatures; and (6) analyze diffusion model prediction to experimental data.
MATERIALS AND METHODS

Sample Preparation
Bread samples, with a moisture content of 46% (w.b.) and a porosity of 0.6, were prepared using the following recipe: 540 g of flour (54%, w=w) and 40 g of baking powder (4%, w=w) 20 g vegetable shortening (2%, w=w) and 400 g water (40%, w=w). A proofing time of 20 min was used. The bread was steam-cooked for 1.5 hours to reduce crust formation and to obtain a uniform a loaf with respect to moisture and porosity. These samples were bore-cut using a cylindrical cutter to produce samples with a diameter of 0.011 m.
Analysis of the bread sample was conducted before drying kinetics were conducted. Equation (2) was then used to calculate the sample porosity, F:
Cylindrical samples were made using cylindrical metal cutters, weighed and volumetric measurements of length and diameter were taken. The apparent density, r apparent , was calculated by dividing the sample mass by the sample volume. The following volume fraction equation was used to calculate the particle density, r particle :
where r d.s. is the density of air-free dry solids and was measured at 1450 kg solid=m 3 using a helium pychnometer. [13] The bread samples were placed into a 110 C oven for 36 hours to determine the moisture content , X water which was 0.46 kg water=kg sample.
Isothermal Drying Apparatus
The microwave oven used was the same developed by Goedeken [13] with modifications to integrate constant temperature convective hot air into cavity. The schematic diagram of the isothermal drying apparatus is shown in Fig. 1 .
The cavity of the special design large microwave oven system was constructed by the Microwave Research Center (Marlborough, NH). The cavity was made of aluminum and has the dimensions 0.9 m Â 0.9 m Â 0.9 m. The microwave power generator (Model 4003, Astex=Gerling Laboratories, Modesto, CA) provided 0 to 2.5 kW of power at the frequency of 2450 MHz. A controller (Model number, Astex=Gerling Laboratories, Modesto, CA) regulated the power. Connecting the magnetron to the cavity was WR-284 waveguide pieces. Two power meters (Model 435B, Hewlett Packard Corp., Santa Clara, CA) were connected to a directional coupler in the waveguide section to monitor the incoming and outgoing powers. Two mode stirrers were mounted on opposite sides of the cavity walls rotating at a speed approximately 30-35 rpm. The purpose of the mode stirrers along with the large sized cavity was to promote uniform power distribution within the microwave cavity, which was verified by Goedeken. [13] The hot air was brought into the cavity by an air-flow polycarbonate tubing (0.076 m O.D., 0.07 m I.D.; AIN Plastics, South Brunswick, NJ). Figure 2 shows the air-flow tubing inside and outside the microwave cavity. An area (0.41 m Â 0.51 m) of the top cavity wall was cut out and replaced with metal wire screen with small perforations that would prevent the leakage of microwaves and at the same time allow air to flow through. The inner airflow tubing and the outer air-flow jointed together by plastic nuts and bolts at the metal wire screen. The lower portion of the inner air-flow tubing was detachable to allow easy insertion of the optical fiber temperature probes into the sample. The detachable piece had a long narrow slit to allow clearance of the probes leading through the tube and into the sample. The other end of outer air-flow tubing was attached to a blower=heater. The blower=heater (Vapo-Vent Blower=Heater, Hycel, Inc., Houston, TX) was used to provide constant temperature convective hot air to the sample to be dried. A fiberglass-insulated jacket was used to insulate the outer air-flow tubing. The blower=heater unit was connected to two variable transformers (Type 3PN1010, Staco Energy Products, Co., Dayton, OH), one controlled the air flow rate from the blower, and the another controlled the temperature of the heater. The air velocity used throughout this study was 3.2 m=s.
Temperature measurements in the inner air-flow tubing and bread sample were conducted using optical fiber temperature probes and a multichannel temperature sensing unit (Model 750 Fluoroptic Thermometry System, Luxtron Corporation, Santa Clara, CA), which was connected to a computer via. RS-232 interface. A custom program was developed to acquire the time-temperature data as well as to control the bread temperature. Temperatures were monitored at the center, half-radius, and near surface, as shown in Fig. 3 , and the on-off control was based on the center temperature. The high and low temperature limits were entered to the computer. The computer communicated with a mechanical relay to turn on and off the magnetron. When the sample temperature reached the high limit, a relay connecting the power was switched off, and when the temperature dropped to the lower limit, the relay was turned on again. The high and low limits were usually within 0.3 C of the target temperature. The tightness of the temperature control using a microwave temperature controller depended upon the microwave power. [14] The optimal microwave power to be applied relied on the sample size as well as the moisture content of the sample. As the sample dried, the power level was manually reduced. Temperature at the center, half-radius, and near surface as shown in Fig. 3 were monitored while the on-off control was based on the center temperature. An analytical balance interfaced to a PC via RS-232 connection was used to measure mass loss of the bread sample on-line during the drying experiments. A custom program was used to acquire the mass change with time. [12] A bread sample was suspended beneath the balance into the microwave oven cavity and within the air-flow tubing. The drying kinetic experiments were initiated after the isothermal drying conditions in the bread sample had been verified. Only one optical fiber temperature probe was used to monitor the center temperature for feedback temperature control. The rest of the experimental parameters were kept the same as those used in the temperature mapping studies. Since the probe was inserted in the bread sample, it was necessary to assure that the probe did not interfere with the mass loss measurements. A bread sample was suspended from the analytical balance with one fiber optic probe inserted at the center. Aluminum foil squares with known mass were added and removed from the dish on the balance and the change of mass was recorded.
Diffusion Coefficient Determination
Once the proper schedule of when to turn down the air temperature and microwave power during isothermal drying were determined and reproducibility shown, drying experiments were conducted using just one probe at the center of the sample. The drying curves were from 0.6 porosity bread samples with 0.011 m diameter, and the drying conditions were air velocity of 3.2 m=s and temperatures of 40, 50, 60, and 70 C.
The solution of the diffusion equation for one dimensional moisture loss in a infinite cylinder is (5):
4 r 2 a n 2 expðÀD eff a n 2 tÞ; J o ðra n Þ ¼ 0 ð4Þ J o (ra n ) ¼ 0 is the Bessel function of the first kind of order 0, and can be expanded:
For long drying times when the Fick number is above 0.1 the first term dominates
Drying curves were obtained from the isothermal experiments, and plots of ln M * vs. t were made. From these plots, the effective diffusivities were calculated for each temperature experiment using the following equation:
where s D is the slope determined from the plot of ln M * vs. t. Arrhenius plot was made using the effective diffusivities based on isothermal experiments, ln(D eff ) vs. 1=T. The activation energy was calculated from the slope of this plot as shown:
where s A is the slope determined from the Arrhenius plot and R c is the gas constant. The diffusion model prediction was compared to experimental data at each temperature using Eq. (5).
RESULTS AND DISCUSSION
Isothermal Drying Apparatus
The center temperature of the sample will increase at a greater rate than the surface temperature when only microwave energy alone is used as the heating source due to evaporative cooling effects at the surface. Therefore, to acquire isothermal conditions as quickly as possible, the air temperature had to be greater than the center set-point temperature of the sample. However, the air temperature had to be reduced incrementally to the center temperature because the evaporative cooling effects were diminishing as drying proceeded. Using a Luxtron probe in the drying chamber to measure temperature of the incoming air, the time when the air temperature had to be reduced was monitored. The starting air temperature for the 70 C isothermal experiments was 95 C, which is 25 C greater than the set-point temperature. The other isothermal experiments had starting air temperature at 15 C greater than the set-point temperature.
The objective was to obtain isothermal conditions as quickly as possible. The higher the set-point temperature the greater the initial microwave power had to be used. Care was to be taken not to have the initial input power too high for the sample temperature, especially the center region, would over-shoot the desired set-point temperature significantly. Thus, temperature gradients would occur from the beginning of the experiment making control throughout drying difficult. The initial input power was 700 W for 40 C experiments, 825 W for 50 C experiments, and 1050 W for 60 and 70 C experiments. Reduction of power during the drying experiments were on the order of 100 W increments at times dependent on the temperature experiment. Figure 4 shows temperature profiles of bread samples being heated isothermally at 40, 50, 60, and 70 C. These temperature profiles show that the sample obtained isothermal conditions within the first few minutes and maintained these conditions throughout drying. To ensure that the temperature within the sample was the same in the z-direction, all three fiber optic probes were positioned in the center of a sample and dried at 60 C. Figure 5 shows the temperature profiles of the top center, mid-center, and bottom-center of the bread sample, and similar temperature profiles of all three positions were observed. This experiment ensured that the bread sample was heating isothermally throughout the entire volume.
The probe interference test was conducted on bread samples at initial moisture content, 0.9 kg=kg dry solid, and on bread samples that were at equilibrium moisture content after being dried at 70 C, 0.025 kg=kg dry solid. The bread samples with initial moisture content were suspended from the balance with the blower turned off to reduce fluctuations to the balance readings due to moisture loss. The bread samples at equilibrium moisture content were suspended from the balance with the blower delivering 70 C convective air. With the bread samples at equilibrium with the convective air, the blower remained on to eliminate reading of an increase in mass due to moisture gain from ambient air. The support for the probes was approximately 0.32 m from the air flow cylinder, thus allowing the probe to be as flexible as possible. Table 1 shows the balance readings from adding and removing known mass from the balance. The balance recorded the proper mass that were added and removed to it while a probe was inside a bread sample. Therefore it is reasonable to assume that mass loss from the sample with a single probe inserted would also be properly read from the balance. Figure 6(a) shows the moisture content vs. time curve. The smooth decrease in moisture content represents a typical drying curve and further verifies the on-line drying data recording was not affected by the probe in the sample. Figure 6(b) shows the natural logarithm of the unaccomplished moisture content vs. time, and a straight line is observed. The significance of this curve is that effective diffusivity can be determined from the slope of this curve, as shown in Eq. (7) . Table 2 gives the average effective diffusivity for each temperature condition along with comparable effective moisture diffusivities calculated from non-isothermal experiments of the same material in a previous work. [11] Comparing the effective diffusivities calculated from the 50 and 70 C isothermal conditions to the effective diffusivities calculated from 50 and 70 C forced convention experiments, the effective diffusivites determined from true isothermal conditions were three times greater than the effective diffusivites determined from the non-isothermal conditions. This was expected since the bread samples dried in forced convection conditions revealed pseudowet-bulb temperature profiles where the center temperatures were much less than the oven temperatures. [11] The diffusion model was used to compare predicted moisture loss during drying to that of experimental moisture loss data. Figures 7-10 show that the diffusion model predicts the drying time but not accurate rate of moisture loss, an observation made by several researchers. [15] [16] [17] Labuza [18] reported that a diffusion-controlled process will have an activation energy less than 34 kJ=mol. The effective diffusivities determined from these isothermal experiments were plotted on an Arrhenius graph, Fig. 11 . The activation energy, calculated using Eq. (8), was 42.38 kJ=mol. The activation energy determined from isothermal experiments was greater than the activation energy determined from convective hot air experiments, 19.28 kJ=mol. [11] The Arrhenius analysis based on convection drying correlates with a diffusion-controlled process; however, the Arrhenius analysis based on true isothermal experiments indicates that the drying was not a diffusion-controlled process. The effective diffusivites and the temperature dependence based on an Arrhenius relationship were more accurately determined in the isothermal drying experiments than the convective drying experiments due to more uniform sample temperatures, which were immediately established.
Diffusion Coefficient Determination
Arrhenius analysis of effective diffusivity determined during isothermal drying resulted in an activation energy (42.4 kJ=mol) greater than a diffusion-controlled mechanism (34 kJ=mol) and slightly greater than latent heat of vaporization (40.7 kJ=mol). This significant increase in activation energy suggests that the limiting mechanism is one which requires more energy than is needed for diffusion. Along with the inaccurate prediction by the diffusion equation, this analysis suggests vaporization within the porous material could be the controlling mechanism for moisture loss during isothermal drying. This mechanism was first suggested by Tong et al. (19) when linear moisture loss profile was observed during isothermal drying at 100 C. The balance readings were only stable at 1=100 g due to fluctuations in higher accuracy from the blower. 
CONCLUSION
An apparatus was successfully designed and tested to obtain isothermal conditions in bread samples using combined microwave and convective hot air and a feedback temperature controller. The temperature throughout the samples were immediately established at the desired temperature and maintained throughout drying. Drying curves were obtained from this isothermal heating apparatus, and effective moisture diffusivities were properly determined. However, the diffusion model did not predict moisture loss in hygroscopic porous material during isothermal drying. This new apparatus will allow for proper analysis of mass transfer during drying by eliminating heat transfer, and thus a mechanistic mass transfer model for hygroscopic porous materials is possible. 
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